INTRODUCTION
anchovies, which is needed for the correct approximation of the spectral data by 126 visual pigment templates . There is a reference in Toyama family that includes anchovies, is scarce, and new data will significantly benefit the 131 understanding of the evolution of visual pigments.
132
In this study, the nature of the chromophore bound to the opsins found in the retina 133 of the Japanese anchovy was determined by high performance liquid chromatography 134 (HPLC). Furthermore, the opsin genes were cloned and sequenced, and the 135 absorption spectra of different types of cones were determined by 136 microspectrophotometry (MSP). These data were used for the accurate approximation 137 of the spectral data by known templates , which allowed 138 us to speculate on the properties of the visual pigments that provide color and 139 polarization vision in the retina of anchovies.
140

MATERIALS AND METHODS
141
Fish
142
For the histological investigations, MSP and HPLC analyses, adult Japanese 
157
RNA extraction and cDNA synthesis 158 The retinas of E. japonicus were shaved off from the frozen eyeballs by a scalpel.
159
Total RNA was isolated using a single-step guanidinium thiocyanate-phenol- (Table) .The first strand cDNA was then poly-G-tailed at the 5'-end by terminal 164 deoxynucleotidyl transferase (Invitrogen) as described previously (Miyazaki et al. 165 2008). This single strand cDNA was used as a template for the following polymerase 166 chain reactions (PCRs).
167
Degenerate PCR, Cloning and Sequencing
168
To perform the screening for opsins in E. japonicus, we used a degenerate PCR 169 primer set (HPO-Fw and HPO-Rv, Table) reactions, a second round PCR was performed using 0.5 µL of the first round PCR 192 product and the same PCR program described above. The T-amp primer was used for 193 the second round of 3'-RACE, and the second round 5' RACE was performed with 194 the C-amp primer (Table) . The 3'-RACE reaction produced products with the 195 expected sizes for both the green and red opsins; however, the 5'-RACE yielded only 196 the green opsin. Thus, we designed two new reverse primers for the red opsin 197 amplification (RED-Rv1 and RED-Rv2, Table) specific to the E. japonicus sequence 198 derived from the 3'-RACE product; we then carried out the 5'-RACE reaction again.
199
In addition, during the 5'-RACE amplification of the green opsin gene, another 200 distinct amino acid sequence of green opsin-like cDNA was obtained; thus, we 201 designed gene-specific 3'-RACE primers (GRN-a-Fw1 and GRN-a-Fw2, Table) was generated using the RED-Fw2 and RED-RvA primer set and the initial PCR 218 product amplified with the RED-Fw1 and T-amp primer set (Table) . A 498 bp cDNA 219 fragment was amplified with a degenerate primer set (CLPGRN-FwQ and CLPGRN-220 RvQ) to produce the probe for green opsin detection. The cDNA fragments were 221 labeled using the PCR DIG Probe Synthesis Kit (Roche Applied Science) and then 222 hybridized to the membrane-bound DNA in hybridization buffer at 60°C overnight.
223
The membranes were washed twice in low-stringency buffer (2x SSC, 0.1% SDS) at 
262
The HPLC system consisted of a pump and multisolvent delivery system 
Microspectrophotometry (MSP)
280
The methods and additional protocols of the MSP research of retinal The absorbance spectra of visual pigments from the outer segments of the isolated bleaching was estimated at <=5 % based on two subsequent scans of the same cell.
308
As for the possible shift in the λmax value, we relied on the MacNichol (1986) and 
312
Fragments of 20 retinae from 16 different fish specimens were used for the MSP.
313
We measured the spectral sensitivity of 96 long, 46 short and 50 triple cones. The The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT the two data sets resulted in the absorbance of the long-wave pigment.
328
MSP data processing
329
To estimate the value of the spectral peak, the experimental data for every cell was given λmax value and fits the experimental data to the templates for the visual 337 pigments.
338
RESULTS
339
The screening for opsin class genes 340 A degenerate PCR approach was used to screen for opsin class genes in E. 341 japonicus. Thirty clones were sequenced and all corresponded to the rod opsin gene.
342
By aligning these fragment sequences, a 680 base rod opsin gene fragments encoding 343 226 amino acid residues were obtained.
344
The nucleotide and amino acid sequences of the opsin genes 345 To generate red and green opsin genes, we performed standard RACE reactions RH2-1, EJ-RH2-2) were 1035 bases, which predicts a 345 amino acid residue protein.
352
The red opsin cDNA (EJ-LWS) was 1002 bases long and encoded a 334 amino acid Fig. 2A-2) , however a clear band and a weak band were observed approximately 365 8.0 kb and 2.5 kb, respectively, in the lane which was BamHI digested ( Fig. 2A-1) .
366
These results indicate that at least one copy of the LWS gene is present in the 367 genomic DNA of E. japonicus. As for the analysis of the RH2 gene, EJ-RH2-1 and 368 EJ-RH2-2 are 79% identical in the coding region, and it was expected that both of the 369 RH2 genes would be detected when the 498 base cDNA fragment of EJ-RH2-1 was 370 used as the probe. As expected, the probe detected two bands in the lane that was 371 digested by HindIII and SacI, which strongly suggests that E. japonicus has more 372 than two copies of the RH2 gene (Fig. 2B) .
373
HPLC
374
The results of the chromatography are presented in Fig. 3 . The chromatogram for 375 the anchovy (Fig. 3A) does not show any traces of 3-dehydroretinal and its isomeres 376 and contains only one main peak corresponding to the retention time of the all-trans-377 retinal oxime standard (Fig. 3B) . In contrast, the chromatograms of the carp and 4, respectively (Fig. 3D ).
384
It is well known that the visual pigments of the cyprinid fish contain exclusively and Makino-Tasaka, 1983; Kondrashev, 2008.) . These data, in addition to the absence 390 of a characteristic peak 2 on the anchovy chromatogram (Fig. 3A) , convincingly
391
show that anchovy visual pigments are based only on retinal.
392
MSP
393
Different types of cones could be easily recognized under the light microscope. 
399
The cones in the retina of the E. japonicus are arranged regularly in parallel rows 400 (Fig. 4A) . In the dorsal and ventral regions of the retina, the rows consist exclusively (Fig. 4B ). (Fig. 4C) . In contrast, in the ventro-temporal zone, the short cones are displaced 413 vitreally relative to the long cones (Fig. 4B) .
414
The triple cones are composed of two large lateral components with one smaller 415 central component between them (Fig. 4D) . The ellipsoid of the central component is (Fig. 5A,C,D) . The content ratio of 436 these pigments is close to 50:50% over the area of the retina except for the ventro-437 temporal zone; however, this ratio may vary from 30:70% to 60:40% in different 438 individuals and retinal areas (Fig. 5A,D) .
439
We performed experiments using differential bleaching to support the determined (Fig. 5B-D) .
446
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The absorbance curve of the central member of the triple cones exhibited a λmax 447 value of 474 nm and showed a good fit with the rhodopsin template (Fig. 5E ).The 448 orientation of cones in the MSP preparation is always a matter of consideration, and 449 the components of the triple cone are densely packed (Fig. 4D) ; therefore, special 450 attention was given to certain cases during the recording when the beam of the 451 microspectrophotometer touched the border of the adjacent lateral component, which 452 exhibits a much longer wave absorbance with a λmax value approximately 502 nm.
453
The result was a distortion and minute long wave (4-6 nm) shift of the spectral curve.
454
In the experiments with differential bleaching, this long wave spectral 455 "contamination" was isolated, and the data did not fit the rhodopsin template that 456 runs far below these data points in the range of 540-600 nm (Fig. 5E ).
457
DISCUSSION
458
Opsin types and visual pigment correspondence 459 We found two RH2, one LWS and one RH1 opsin in the retina of E. japonicus.
460
Although we performed trials of (RACE) PCR using the SWS2 gene-specific primer 461 sets, which have provided data for many fish species, no product encoding an SWS2 462 class gene from E. japonicus was obtained. In our experience, a primer is often 463 inapplicable for isolating genes from some fish even when the fish belongs to the 464 same order or family as other fish for which the primer was successful. It is possible 465 that the primers, which we used for SWS2 isolation, were unsuitable to the sequence 466 of the opsin gene in E. japonicus. In the southern hybridization analysis (Fig. 2) , the EJ-RH2-1 probe detected double 
484
The full-length amino acid sequence of the E. japonicus LWS gene was determined 485 (Fig. 1) More examples of "discrepancy" in other vertebrate classes could be found in 532 literature (Yokoyama, 2008) .
533
The spectral absorbancies of the photoreceptors of the Japanese anchovy are and it is the A1_512 / A2_543 pigments that satisfy such a relation with good 551 accuracy. Thus, there is a real possibility that the bay anchovy has the same LWS 552 opsin as both species of Engraulis that were previously studied. To provide more 553 evidence of the properties of the LWS opsin in E. japonicus, we need to investigate 554 the peak absorbance of recombinant visual pigments using A1 and A2 chromophores.
555
However, there is no doubt that the LWS opsin gene of E. japonicus produces the 556 shortest LWS pigment in teleosts.
557
The presence of two different visual pigments in the anchovy that utilize retinal as 558 a chromophore in the same outer cone segments is quite rare for vertebrates. Prior to 559 this, the expression of "unpaired" visual pigments in the same photoreceptor was here in E. japonicus.
590
The phylogenetic positions of the opsins of E. japonicus
591
The overall structure of the phylogenetic trees for LWS, RH2 and RH1 contained a 592 branch that separated into two at the root of the tree (Fig. 6) . We obtained the same 593 tree topology when using maximum likelihood estimation of evolutionary distances.
594
The fishes analyzed were divided into two clades, Cypriniformes and other fishes with a 100% bootstrapping probability (Fig. 6C) . The current NJ trees may suggest 
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